Abstract-Microarcing is investigated with a helicon plasma reactor in an argon plasma. A Langmuir probe was used to measure the floating potential during arc events, and a stainless-steel probe arm on which microarcs occurred was used to measure the associated current flow. The frequency of microarc events (MAEs) was analyzed with varying radio-frequency powers and gas pressures and was found to strongly depend on the floating potential. The microarcs were shown to cause a drop in the bulk floating potential that lasted on the order of hundreds of microseconds to milliseconds. During this period, a current on the order of an ampere was found to flow to the site of the MAE, leading to a total charge flow on the order of 10 −3 C.
basic phenomena leading to the breakdown. Because plasma arcing presents a major problem in the dc magnetron sputtering process, it has been also investigated in that context. It is believed that sputtering of insulating films onto the metallic cathode in the dc reactive magnetron system can lead to a capacitive charge build up across the insulating layer, which can suddenly discharge, causing localized evaporation of the insulating material [10] .
However, the mechanism for these microarcs in RF discharges is poorly understood. In a previous study, Yin et al. measured the floating potential during MAEs in RF hollowcathode plasmas and showed that higher floating potentials are associated with increased microarc frequency [1] . Yin et al. also suggest that the MAE could be caused by sudden explosive field emission of electrons from the grounded electrode in their plasma system, which would cause the sheath potential to collapse [3] .
There are a number of similarities between the microarcs investigated here and cathodic (vacuum) arcs. Cathodic arcs are also thought to be initiated via a field emission process, originate in small submillimeter spots on the cathode, and are quite mobile, their trajectory often being determined by the particular surface condition (roughness or scoring). A common view is that the enhanced field emission, which is thought to be responsible for initializing the arc, arises from the initial surface roughness of the cathode and can be modified by the pitting resulting from the progress of the cathode spot. In the case of cathodic-arc systems, the technological aim is to produce a metal vapor from small droplets created by the spot. In Cho's early work, these droplets are referred to as debris, which are shown to be capable of causing short circuiting on solar panels on spacecraft and in the production of flat panel displays [14] [15] [16] [17] .
In this paper, we will investigate MAEs in a helicon plasma reactor. The MAE frequency measurements will be presented as a function of RF power and argon pressure, with floatingpotential measurements concurrently taken. Furthermore, the current flow to the site of the MAE is presented for the first time in a helicon system, and photographs that show that these microarcs can move along a surface in a fashion similar to cathodic arcs are provided. Previous work on this reactor revealed the presence of a low-magnetic-field mode (at 25-G peak on-axis magnetic field) that was associated with increased ion density (≈10 17 m −3 in the source region) and plasma potential (≈60 V relative to the ground in the diffusion chamber) [18] . At higher RF powers (above 400-W RF), microarcs were observed in the diffusion chamber in the low-magnetic-field mode. To investigate the nature of these microarcs, the magnetic field was maintained at 25 G, such that the plasma remained in the low-magnetic-field mode throughout the course of these Fig. 1 . Cross-sectional schematic of the helicon plasma system used in these experiments showing (A) the Pyrex source tube, (B) the antenna feedthroughs, (C) the propellant feedline, (D) the solenoid coils, (E) the RF equipment assembly, and (F) the Langmuir probe [19] .
measurements. Previous measurements on this system have yielded an electron temperature of approximately 5.5 eV [19] .
II. EXPERIMENTAL SETUP

A. Experimental Apparatus
The experimental apparatus, shown in Fig. 1 , consists of a source region housed inside a larger vacuum chamber. The Pyrex source tube is 5 mm thick and 29 cm long, has an outer diameter of 15 cm, and is closed on one end. The source-tube axis will be taken as the z-axis, with the positive direction extending out of the open end of the source tube and the origin set at the source-tube exit. The gas inlet is located in the center of the closed end of the source tube. An 18-cm-long helicon doublesaddle field antenna is wrapped around the source tube. The antenna is copper with a 1-mm-thick boron nitride coating and is operated at 13.56 MHz. The antenna impedance matching network is located outside the vacuum chamber and consists of two tunable vacuum capacitors, along with a blocking capacitor to isolate the antenna from the ground [4] . Two solenoids are coaxially wrapped around the source tube and create a magnetic field that has a relatively constant magnitude of 25 G within the source region, which however sharply diverges at the exit. The source tube is mounted within a 1-m diameter by a 1.4-mlong electrically grounded stainless-steel vacuum chamber. The vacuum chamber has a base pressure of 10 −6 torr, maintained by a turbomolecular pump in conjunction with a rotary pump. The pressure was measured by a Granville-Phillips Series 274 ionization gauge and a MKS 22CA Baratron gauge and, due to low ionization fraction (≈1%), did not significantly change when the plasma was ignited.
B. Probe Design
Two probe diagnostics were used to collect the data presented in this paper. The first was an uncompensated planar-disk Langmuir probe that was directly connected to an oscilloscope to take time-resolved measurements of the floating potential. The Langmuir probe had a probe tip diameter of 3 mm and was axially installed along the z-axis (see Fig. 1 ). Because the impedance of the oscilloscope was 1 MΩ, the RC time constant of this measurement circuit was found to be on the order of tens of microseconds, which is comparable with the length of the MAE. Therefore, to achieve time resolution on the order of microseconds, the Langmuir probe could be connected to the ground through a 100-kΩ resistor. However, floating-potential measurements taken with this 100-kΩ resistor in place show a much lower "floating potential," as the Langmuir probe is no longer truly floating. As such, floating-potential measurements taken with the 100-kΩ resistor in place give only a timeresolved relative measure of the floating potential during MAEs and will not quantitatively agree with the true floating-potential measurements taken without the 100-kΩ resistor.
The second diagnostic used, i.e., a "dc current probe," consisted of a 0.5-m-long stainless-steel tube that is 0.6 cm in diameter. This tube was radially installed in the vacuum chamber at z = 10 cm and could be pushed and pulled in and out of the plasma column at will. When the probe was inserted into the plasma, MAEs could occur on it. The probe was connected to the ground through a 1-Ω ± 5% 1-W metal film resistor. The voltage drop over the 1-Ω resistor could be measured to determine the current flow to the current probe during a MAE. The time constant of this measurement system was found to be on the order of tens of nanoseconds, comparable with the time resolution of the oscilloscope, and far shorter than the time constants measured during the MAEs.
Finally, a Casio Ex-F1 camera was used to take photographs of the MAEs at frame rates of 1200 fps with a resolution of 336 × 96 pixels. This camera was directed at the current probe to investigate the temporal evolution of the microarcs.
III. RESULTS AND DISCUSSION
The floating potential was measured during MAEs by connecting the Langmuir probe, positioned at z = 16 cm, straight to the oscilloscope. Fig. 2 shows a typical example of the floating-potential variation during a MAE. The floating potential starts at 30 V then sharply decreases at the inception of the MAE to approximately 5 V, remaining low for almost a millisecond before rebounding near to its previous value. The final floating potential rebuilds to the initial floating potential on the order of milliseconds. It should be remembered that, since the time constant of the measurement circuit is in the tens of microseconds, the decay and recovery times for the floating potential are not necessarily accurate. As shown in Fig. 2 , the RF noise on the floating-potential signal significantly decreased during the MAE; this same effect was observed with all the measurements taken with the Langmuir probe. The MAE associated with the observed dip in the floating potential occurred on the grounded vacuum chamber wall at a distance of greater than 0.5 m from the Langmuir probe tip, indicating that the MAE causes a system-wide collapse in the floating potential. In general, the microarcs were observed to occur on the grounded metallic surfaces of the vacuum chamber walls and the current probe. The MAEs most frequently occurred at welded seams on the vacuum chamber walls and in other regions of surface irregularity.
The floating potentials before and during microarcs were recorded as a function of RF power input to the antenna at 0.3-mtorr argon, with the Langmuir probe at z = 16 cm. At each RF power, ten MAEs were recorded, and the floating potentials were averaged over these ten events. The results are shown in Fig. 3 , with the error bars corresponding to the standard deviation of the data from the ten events. As Fig. 3 reveals, although the floating potential rises with increasing RF power, the minimum floating potential occurring during the MAE remains relatively constant, suggesting that the minimum floating potential is the characteristic of the MAE under the given parameters. The large error bars recorded at 520-W RF power were due to the instability of the plasma at that power level. The duration of microarcs was analyzed and found to remain relatively constant with varying RF power at 1.0 ± 0.5 ms. The microarc frequency was measured with varying argon pressure and RF power. The frequency was calculated by recording the number of dips seen in the floating potential as measured by the Langmuir probe at z = 16 cm during a 10-s period. This number of events was then divided by 10 to yield the MAE frequency in hertz. At each argon pressure and RF power, the background (i.e., not during a MAE) floating potential was also measured. The MAE frequency with increasing argon pressure at a constant RF power of 580 W is shown in Fig. 4 , with the floating potentials overlaid for comparison. As shown in Fig. 4 , both the MAE frequency and the floating potential generally decrease with increasing pressure. Moreover, the shapes of the two plots seem strongly correlated to each other, with both exhibiting a peak between 0.3 and 0.4 mtorr.
The MAE frequency and the floating potential are also measured with increasing RF power, at a constant pressure of 0.3-mtorr argon. Fig. 5 shows that the floating potential and the MAE frequency both rise with increasing RF power, once again with the MAE-frequency plot shape closely matching the floating-potential plot shape. To investigate the correlation between the floating potential and the MAE frequency, 6 shows the MAE frequency plotted versus the floating potential for both of the cases previously discussed, i.e., constant RF power with increasing pressure and constant pressure with increasing RF power. As shown in Fig. 6 , while the MAE frequency does rise with increasing floating potential in both cases, the two cases do not perfectly match, indicating that the MAE frequency also has a dependence on other factors aside from the floating potential. It should be noted that the RF powers given in each of these cases were the power's input to the antenna, not the power coupled into the plasma, which would vary with changing plasma resistance. Godyak et al. reported that plasma resistance generally increases with increasing pressure in their inductively coupled plasma system [20] , whereas here, the microarc frequency decreased with increasing pressure. Therefore, it seems unlikely that RF power coupled into the plasma is the critical factor in determining microarc initiation, although it would certainly be an important factor in influencing the floating potential and other plasma parameters. Perhaps, the true dependence of the MAE frequency is on the plasma potential; however, due to the relative difficulty of taking time-resolved plasma potential measurements, the floating potential was measured here instead. Yin et al. have also reported a rise in the MAE frequency with increasing floating potential and decreasing pressures in their RF hollow-cathode system [1] . They also reported a rise in the floating potential with increasing RF power and a corresponding rise in the MAE frequency. The key difference between the plasma system used by Yin et al. and the one used in this paper is that Yin et al. needed a grounded electrode in the system for the floating potential to get high enough for microarc initiation [1] , whereas in this paper, the walls of the experiment are the only grounded component since the helicon antenna has a blocking capacitor to isolate it from the ground. However, the results from Yin et al. serve as a confirmation of the strong link between the floating potential and the MAE frequency [1] [2] [3] .
The precipitous drop in the floating potential that occurs during a MAE indicates a flow of the current to the surface on which the MAE occurs. Previous investigations into this current flow are scant; however, by inserting a metal probe into the plasma and allowing microarcs to occur on its surface, this current flow was easily measured. Microarcs were observed to occur on the dc current probe at RF powers as low as 410 W, which is 60 W lower than 470 W required to initiate microarcing on the chamber walls. This lower threshold of power required for microarc initiation on the dc current probe could be due to the higher plasma potential at the center of the plasma column relative to the potential near the walls. Data were simultaneously taken with the current probe at z = 10 cm and the Langmuir probe at z = 20 cm. To achieve greater time resolution with the Langmuir probe for better comparison with the current probe data, the Langmuir probe was connected to the ground through a 100-kΩ resistor; as a result, the floating potentials measured were significantly lower. Nonetheless, the qualitative trends in the data remained the same, i.e., the floating potential still abruptly decreased at the start of the microarc and stayed low on the order of hundreds of microseconds. Fig. 7 shows that the dip in the floating potential as measured by the Langmuir probe corresponds to a current flow to the current probe of the same duration and of a magnitude on the order of amperes. The lag between the initial rise in the current on the current probe and the fall in the floating potential was measured to be less than 5 µs, corresponding to a signal speed in the plasma of greater than 20 km/s. While this signal speed is far greater than the Bohm velocity, plasma expansion velocities of this order of magnitude have been reported in the explosive emission processes arising from ultrafast laser ablation [21] [22] [23] and from cathode spot formation [24] [25] [26] .
The current flow during the MAE is marked by three distinct phases, i.e., the rise, the gradual decay, and the sudden cutoff of the current. The current rise time has been measured to be approximately 10-20 µs, the gradual decay of the current lasts on the order of hundreds of microseconds, and the sudden cutoff lasts less than a microsecond. The mechanism that determines these time scales and the sudden current cutoff is yet unknown and is the focus of ongoing research. However, its analog in the cathodic arc, known as the "chopping current," could provide some clues as to this mechanism. From the current probe data, the total charge flow during a MAE can be calculated by numerically integrating the current flow during the event. Because there was some small (< 0.05 A) current flow to the probe even when a MAE was not occurring on the probe, this "background" current was measured and subtracted from the current flow during the microarc before the numerical integration calculation. Measurements were taken at 0.3-mtorr argon for varying RF powers, with five measurements taken at each power. Fig. 8 shows the mean total charge flow, with the standard deviation of the total charge flow for the five measurements providing the error bars. As Fig. 8 reveals, the total charge flow increases with increasing RF power and is on the order of a millicoulomb. This total charge flow is several orders of magnitude larger than the charge excess that exists in the plasma sheath in equilibrium. However, it must be remembered that the system-wide collapse in the floating potential will cause an increased electron flux to the vacuum chamber walls, such that the flow of the current to the site of the MAE could be partially balanced by a net electron current flowing to all other grounded conducting surfaces in the chamber.
A camera was operated at 1200 fps and focused on the current probe such that it was able to capture the development of a particularly long-duration microarc that lasted approximately 4 ms. The photographs, shown in Fig. 9 , reveal that the microarc moved approximately 4 cm along the surface of the probe arm (which horizontally extends across the images). Photographic series were also taken of several other MAEs and confirmed that the microarcs would often move along the probe surface. The progression of the microarcs along the surface of the probe arm suggests that the surface material could be playing a critical role in the microarc process, as it does with cathodic arcs.
The mechanism behind the MAEs is an area of ongoing research. Yin et al. attributed the formation of microarcs to field emission from the chamber walls [1] , [3] , i.e., a process that is critical to the formation of cathodic arcs as well [27] , [28] . Townsend breakdown seems like an unlikely mechanism in the system used for this paper because argon ionization within the wall sheath should be minimal; the mean free path for ionization is on the order of meters, whereas the sheath width for the plasmas in this paper is on the order of millimeters.
Fowler-Nordheim cold-electron emission requires an electric field on the order of 10 8 V/m or greater for there to be a nonnegligible current flow [5] , [29] . Given a sheath width of approximately 10 Debye lengths or 1 mm in this experiment and a plasma potential of nearly 50 V, the electric-field strength in the sheath is, on the average, approximately 5 * 10 4 V/m, i.e., four orders of magnitude too small to allow for significant cold-electron emission. Of course, points of surface roughness along the experiment walls or on the current probe could locally increase this electric field, allowing, perhaps, for localized electron emission. Schottky thermionic emission relies on a hightemperature surface, such that the conduction-band electrons can overcome the work function [30] . The work function of the stainless steel (the material of the chamber walls and the current probe) is approximately 4.4 eV, corresponding to a temperature of 51 000 K, far above the average inner chamber wall temperature that would be expected for this experiment. Therefore, for pure thermionic emission to play a significant role in the microarc mechanism, there must first be localized heating of the wall surface. It should be noted that the presence of an electric field relaxes the requirement on the temperature for thermionic emission to occur, so that the sheath potential could be synergistically working with localized wall heating to allow for thermionic emission [31] .
These microarcs do bear a striking resemblance to cathodic arcs, which are characterized by high currents (typically tens of amperes) over low-voltage drops (less than 100 V) [27] , [32] , [33] . Cathodic arcs are typically initiated by a mechanical trigger that short circuits the anode to the cathode, starting an explosive electron emission process that arises due to a synergy of high electric fields, high temperature, and cathode ionization [27] , [28] . A positive feedback loop develops as localized electron-field emission at points of surface roughness causes ohmic heating, which, in turn, induces a greater rate of electron emission from the cathode surface [27] , [33] . The temperature of the cathode surface can rise enough to vaporize the surface, leading to the creation of a dense plasma near the cathode surface. This high-density plasma reduces the plasma sheath width, increasing the localized electric field and the associated field emission, which causes the formation of a cathode spot [27] . The cathode spot is accompanied by the formation of a crater on the cathode surface that is on the order of 10 µm in diameter [34] , [35] . The high-density plasma expands away from the cathode spot in a jet of velocity on the order of 10 km/s [24] [25] [26] . The cathodic arc propagates by the sequential creation of daughter spots at the edge of extinguishing parent spots due to explosive emission processes that occur at the spot crater microprotrusions, giving the arc the appearance of "moving" along the surface of the cathode [32] [33] [34] , [36] , [37] . In the absence of an external magnetic field, the cathode spot moves by a random walk [36] , [38] with a velocity on the order of 10 m/s, depending on the cathode material and the surface conditioning [39] , [40] . The cathodic arc has a characteristic "chopping current" below which the electron emission and surface vaporization rates are not great enough to sustain the dense plasma near the cathode and the arc spontaneously extinguishes [33] , [41] , [42] .
The cathodic arc shares several similarities with the microarc phenomenon described in this paper; it exhibits high current densities over low voltage drops, the current has a fast rise time and a sudden cutoff at the end of the arc, and the arc propagates along the surface, leaving behind a trail of roughened surface. (These trails were observed in this system on the surface of the current probe.) Images from the fast-frame-rate camera show that microarcs of duration of 1 ms can move distances of up to 1 cm along the surface of the current probe. These observations imply a microarc velocity on the order of 10 m/s along the surface of the current probe, comparable with the cathodic-arc spot velocity along the surface of the cathode. Furthermore, as previously noted, the floating-potential collapse due to a microarc spreads through the plasma at velocities of greater than 20 km/s, which are of the same order as the plasma jet velocities reported for the high-density plasmas associated with cathode spots.
The cathodic arc requires neither the high initial temperatures required for Schottky emission nor as strong applied electric fields as needed to sustain Fowler-Nordheim emission. However, the microarc ignition in the absence of a mechanical trigger is a notable difference between these two types of arcs. Cathodic arcs are traditionally triggered either by a mechanical trigger or by applying a high voltage pulse to an electrode near the cathode surface (gas phase ignition) [27] , [43] , [44] , whereas the MAEs studied here spontaneously ignite. Perhaps, the oscillating nature of the sheath potential in the RF plasma of this experiment is able to ignite a microarc by instantaneously increasing the electric field at points of surface roughness to a level that allows for the initiation of explosive field emission. Following the model of cathodic arcs, this field emission could cause ohmic heating that would eventually lead to the vaporization and the ionization of the surface material, thereby decreasing the sheath width and increasing field emission correspondingly. The microarc would halt when the field emission dropped below the level necessary to sustain the high-density plasma near the surface.
IV. CONCLUSION
Floating-potential measurements made during MAEs have shown that the floating potential decreases during the MAEs and remains low for hundreds of microseconds. The frequency of the MAEs increased with increasing RF power and decreasing pressure and seemed strongly correlated to the floating potential. For the first time in a helicon plasma source, the current flow during a MAE has been reported. The current flow has been characterized by three distinct phases, i.e., a fast rise in the current, followed by a slow decay and an eventual sudden cutoff. It has been found that the current flow was of the same duration as the dip in floating potential and had a magnitude on the order of amperes. The total charge flow during the MAEs has been shown to increase with RF power and was on the order of millicoulombs. This high-current flow draws a comparison between the microarc and the cathodic arc and suggests that the microarc mechanism could parallel that of the cathodic arc in several respects. The data presented in this paper suggest that their high-current flow and charge transfer make MAEs a definite risk for any sensitive electronics or diagnostics within the plasma. Furthermore, by lowering the floating potential (which can be accomplished by modulating the pressure or the input power), this problem can be mitigated. Future experiments into microarcs in helicon systems should include a spectroscopic investigation into the emission spectrum during arc events to help determine the role of the surface material in the arc process. Different materials could be used to test whether microarcs are less likely to occur on different surfaces. These experiments would be useful in determining how to alleviate microarcing in helicon systems.
